A Pd-Ir alloy (1:1) coated on microfibrous carbon (11 μm diameter) supported on a titanium plate was evaluated as an electrode for the anodic oxidation of borohydride. The hydrogen generated, due to the parallel reaction of borohydride hydrolysis, was measured during the electrolysis obtaining less than 0.1 cm 3 min -1 H 2 between -1 and 0 V vs. Hg/HgO, while the current densities for the oxidation of borohydride were up to 367 mA cm -2 in 0.5 mol dm -3 NaBH 4 + 3 mol dm -3 NaOH. The low rate of hydrogen generation suggests that Pd-Ir could be a promising catalyst for borohydride oxidation. However, higher rates of hydrogen were generated at the open circuit potential, which is inconvenient in the direct borohydride fuel cell.
Introduction
Sodium borohydride has been proposed as an alternative fuel for fuel cells as it presents many advantages in comparison with other fuels: it is safer and easier to transport than hydrogen gas, the oxidation products (metaborates and water) are environmentally friendly, and the theoretical specific energy density of the direct borohydride fuel cell (DBFC) is larger than other systems, 9 .3 kW h kg -1 . However, there are still major issues that need to be resolved if the DBFC is going to advance in application. These include the lack of a selective catalyst with high activity for direct borohydride oxidation, a reliable anionic membrane, the instability of borohydride and avoidance of its hydrolysis. These aspects limit the fuel cell efficiency to less than 30 % [1, 2] of the theoretical available energy.
Sodium borohydride is highly soluble in alkaline solution and is oxidized at the anode through the following reaction (1):
However, a parallel hydrolysis reaction (2) decreases the overall number of electrons released per borohydride molecule to less than 8, decreasing the power density and producing hydrogen gas in the anolyte:
Although the hydrogen produced could be oxidized, the overall energy output will be lower.
Hydrogen bubbles can also block the electrode surface and should be minimized to avoid safety issues. The overall reaction (3) is the result of combining reactions (1) and (2): (3) where x is the number of electrons released per borohydride ion [3] .
Several catalysts have been studied for the direct oxidation of borohydride ions. Gold and silver have been reported to have good selectivity, extracting an equivalent 8 or almost 8 electrons during oxidation [4] [5] [6] . However, Chatenet et al., [7] claimed that the hydrogen generation rate during the borohydride oxidation at a gold electrode is not negligible and that at high potentials (> 0.3 -0.5 V vs. SHE) the number of electrons released per borohydride molecule is less than 8. Catalysts such as Pt, Pd and Ni also catalyze both oxidation and hydrolysis reactions, releasing between 3 and 6 electrons per borohydride converted [2, 3, [8] [9] [10] . The highest power density reported for a DBFC, 1.44 W cm -2 , was obtained using a 25 cm 2 NaBH 4 /H 2 O 2 single cell with a Pd/C anode and an Au/C cathode separated by a Nafion 112 membrane [11] . The authors reported that the effective number of electrons released on a Pd electrode was less than 8
(between 4 and 6 depending on the NaBH 4 concentration) [3, 12] . Despite not providing the full 8 electrons, Pd catalysts lead to large current densities and charge efficiencies [3, 12] .
Although Pd-based alloys have not been tested, alloying electrodes such as Pt, Ag or Au with other materials has improved the performance of the DBFC. Gyenge et al., [8] obtained higher peak currents and more negative borohydride oxidation potentials by using a Pt-Au alloy instead of pure Pt. Alloys such as Pt-Ir and Pt-Ni were also tested as working electrodes for a DBFC [8] . The anolyte solutions contained 2 mol dm -3 NaBH 4 in 2 mol dm -3 NaOH, a 5 mg cm -2 Pt-Ir and Pt-Ni loading, a Nafion 117 membrane, and an O 2 gas diffusion cathode with 4 mg cm -2 Pt.
The use of Pt-Ir and Pt-Ni catalysts gave the same power density of 53 mW cm -2 at 75 o C,
showing the most active catalytic activity among all the catalyst being tested. When Pt-Ir was used, the oxidation peaks were shifted to more negative potentials than those observed with PtNi, suggesting the potentially favorable kinetics on Pt-Ir alloy and yielding the highest voltammetric BH 4 -oxidation current densities [8] . Kiran et al., [13] increased the power density of a DBFC by 35 % by using an Ir-Rh alloy supported on carbon compared to a carbon supported Rh anode.
It might be possible to increase the activity of pure Pd by alloying it with Ir, as it was observed by Gyenge et al., [8] and Kiran et al., [13] for the addition of Ir to Pt and Rh to form Pt-Ir and Rh-Ir alloys, respectively. In this work, cyclic voltammetry was performed to analyze the oxidation peaks and current densities of borohydride oxidation on a Pd-Ir alloy anode. Also the hydrogen generation rate was measured during the potentiostatic electrolysis of a borohydride alkaline solution at constant potential. In order to corroborate the experimental work and obtain a better understanding of the reaction mechanism of the borohydride ions at the Pd-Ir (111) surface, DFT calculations have been used and the preferred reaction path is presented. DFT methods have previously been used to evaluate the borohydride oxidation mechanism on Au(111), Pt(111) and Au 2 Cu 1 (111) surfaces [14] [15] [16] . The analysis of the Pd-Ir(111) elementary surface reaction energetics through DFT calculations can help to corroborate the selectivity of Pd-Ir alloys towards the oxidation of borohydride. The linear free energy, computational hydrogen electrode method is used to determine potential dependent reaction energies [17] .
Potential dependent activation barriers for elementary reaction steps are determined using an approach recently developed in the Janik group [16, 18] . 
Experimental details
The electrode material consisted of Pd-Ir nanoparticles deposited on carbon microfibres of 11 m diameter and supported on a planar titanium foil substrate. The microfibrous carbon catalyst support was obtained by a direct charging electrostatic flocking technique and was provided by Dr. C. Patrissi from the Naval Under Sea Water Fare Centre [19] . The electrode was manufactured by applying a 30-100 kV pulse between a carbon plate, containing the 0.5 mm length and 10 μm diameter carbon microfibres (Mitsubishi Chemical K637212), and the titanium foil substrate plate contained a carbon adhesive film [19] . The density of the carbon microfibres on the titanium foil was around 125000 fibres per cm -2 . Figure 1 [19] .
Potentiostatic electrolysis at a constant potential were carried out between -0.8 and 0.4 V vs.
Hg/HgO (-0.66 and 0.54 V vs. SHE) in order to measure the hydrogen generation rate at the microfibrous Pd-Ir electrode. The accumulative hydrogen gas generated from the borohydride hydrolysis and the current densities during the electrolysis were monitored. A computer controlled potentiostat/galvanostat PGSTAT30 from Autolab (EcoChemie, Netherlands) fitted with the General Purpose Electrochemical System GPES 4.9 software was used to apply the constant potential. A three electrode glass cell was used during the electrolysis experiments with the working (3 cm 2 geometric area) and counter electrode compartments separated with a Nafion 117 ion exchange membrane. The counter electrode compartment was filled with a solution of 3 mol dm -3 NaOH while the working electrode compartment was gas tight and connected to an inverted 50 cm 3 burette in order to measure the amount of hydrogen gas generated during borohydride oxidation. The working electrode compartment was filled with solutions containing 3 mol dm -3 NaOH and two NaBH 4 concentrations: 0. Figure 2 shows the hydrogen generation rate versus the electrode potential, used during various electrolysis experiments. At each potential, the electrolysis was carried out for 60 minutes. The graph shows the curves for electrolysis of two solutions: a) 0. loading and solutions of 0.52 mol dm -3 in 2 mol dm -3 NaOH and 1 mol dm -3 NaBH 4 in 2 mol dm -3 NaOH, respectively. All the curves show similar trend: hydrogen is generated at zero current, followed by a decrease in the hydrogen generation rate between 100 mA cm -2 and 400 mA cm -2 and an increase of the hydrogen generation rate at current densities from 400 mA cm NaOH, respectively whereas values below 0.5 cm 3 min -1 were obtained using the Pd/Ir coated microfibrous carbon electrode at the same current density in this work. The large difference in the hydrogen generation rate obtained by Liu et al., [3] compared to that obtained in this work is attributed to the difference in concentration of NaOH, the presence of Ir and a higher loading of catalyst, which improved the activity by increasing the oxidation of borohydride and decreasing the rate of hydrogen generation. Figure 4 shows the apparent number of electrons released per borohydride molecule converted during the electrolysis at constant potential. This value can be calculated according to equation (4), proposed by Wang et al., [22] .
Results and discussion
where I is the measured current and I G is the current due to oxidation hydrogen generated during the hydrolysis of borohydride ions (calculated using the Faraday's law and considering a 2e oxidation process of palladium [24] . This peak is attributed to the adsorption of OH -in the initial stage of the palladium oxide formation and partially overlaps the hydrogen oxidation peak [23] . The small rise III, which emerges from peak II, might be due to the second stage of formation of the palladium (II) oxide layer on the surface of the catalyst [25] . In the presence of borohydride, the increase in current densities of peaks II and III is probably due to a mixed 
Computational methods
DFT calculations were performed to elucidate the reaction mechanism of borohydride oxidation on Pd-Ir(111) surfaces. The effect of the Ir concentration in the Pd-Ir alloy was analysed by studying the oxidation mechanism on two different bimetallic Pd 2 Ir 1 (111) and Pd 2 Ir 2 (111), surfaces. The optimum reaction path was obtained by investigating the elementary surface reaction energies and postulating the lowest energy path taking into account the activation energy for each electron transferred. As a first approximation, the energy of a transferred electron and the ion adsorption energies were made linearly dependent on the electrochemical potential and the energy of the adsorbed species was calculated as their free energy [14, 17, 26] .
All calculations were performed using the ab initio total energy and molecular-dynamics Vienna ab initio simulation program (VASP) developed at the Institute for Material Physics at the University of Vienna [27] [28] [29] . The projected augmented wave method [30, 31] and a plane wave basis set were employed using an energy cut off of 450 eV. The generalized gradient approximation (GGA) based on that of Perdew-Wang [32] was used to calculate the exchange and correlation energies. To optimize the structure, a 3 × 3 × 1 Monkhorst-Pack grid [33] The adsorption energies of BH 4 -and borohydride oxidation intermediates were calculated at the optimal adsorption configurations and were corrected for spurious slab-to-slab dipole interactions along the surface normal direction. The reaction energy and activation energy for each step of the oxidation of borohydride were calculated using the lowest energy adsorbed states [15, 16] . The harmonic vibrational modes were calculated to determine the zero point vibrational (ZPVE) corrections to the total energy of adsorbates. The activation energy for each step of the borohydride oxidation reaction on Pd-Ir surfaces was calculated by locating transition states between the lowest energy adsorbed states, presuming that each step follows the minimum energy path [15, 16] . The transition states of elementary reactions on the surfaces were isolated with the climbing image nudged elastic band method (CI-NEB) [34] , which finds saddle points and minimum energy paths between the known reactants and products. Elementary reactions for which barriers were computed include B-H dissociation reaction and B-OH formation reactions. A number of equally spaced images (usually 4 images and occasionally 8) between the initial and final states were optimized, with reaction-tangent forces and atomic forces meeting optimization criteria and a single harmonic imaginary frequency along the reaction coordinate. The highest energy image corresponds to the transition state, which gives the activation energy of the reaction.
The B-H dissociation or B-OH formation activation barriers were extrapolated, using a ButlerVolmer formalism and an approach recently developed in the Janik group [16] , in order to make them potential dependent. A symmetry factor is used to linearly relate the activation barriers to the equivalent electrochemical reaction [15] : (5) where is the activation barrier for the chemical B-H dissociation or B-OH formation step, and is the symmetry factor which will be considered 0.5, assuming a symmetric reaction and in the range of most of the electrochemical reactions [35] . E o is the equilibrium potential that converts the ion involved in the electrochemical step into the equivalent surface species used in locating the transition state (H + or OH -converting to H * or OH * with electron transfer). 
DFT calculation results and discussions

Borohydride ion adsorption over
where * represents a bare surface. As shown in Figure 6 (b), the borohydride ion is adsorbed on the Pd 2 Ir 2 (111) surface with the boron atom above the hollow site, two hydrogen atoms on the Pd atoms atop sites and one hydrogen atom on the Ir atom atop site. The adsorption reaction of the borohydride ion on the Pd 2 Ir 2 (111) surface corresponds to reaction (7):
The free energy of adsorption of borohydride ions on the Pd 2 -Ir 1 (111) and Pd 2 -Ir 2 (111) surfaces can be calculated using equations (8) and (9):
where is the free energy of the borohydride ions in aqueous solution [15] , is the free energy of the bare surface, is the free energy of the dissociatively adsorbed borohydride species, is the free energy of the adsorbed molecule, -e is the charge of an electron and E is the absolute (vacuum reference) electrode potential. The absolute potential, E, can be referred to a standard hydrogen electrode using the equation:
where E SHE is the potential versus the standard hydrogen electrode (SHE). Note that E SHE is what we referred to as E vs. SHE in the experimental sections and in equation (5) . The SHE potential has an average value of 4.6 V referenced to the absolute vacuum [36] , and the value of 4.6 V is consistent with that calculated by Rostamikia et al., [15] using DFT methods. and increased selectivity to direct oxidation over hydrolysis (compared to Pt).
Elementary BH 4 -oxidation energiesat Pd 2 Ir 1 (1 1 1) and Pd 2 Ir 2 (111) surfaces
The free energies of the electro-oxidation steps that involve the surface species can be calculated using the following equation:
where R * is the reactant adsorbed on the surface, O * is the adsorbed oxidized product and n is the number of electrons exchanged. The free energy of reaction (11) can be calculated as:
The reaction energy diagrams for the borohydride oxidation over Pd 2 -Ir 1 (111) and Pd 2 -Ir 2 (111) surfaces were evaluated considering the relative free energies of all adsorbed species with respect to the free energy of the initial aqueous borohydride ion. The relative energy of each species was calculated by combining equations (7) or (8) and (12), leading to equation (13) [14] . (13) where 0 < x < 2 and 0 < y < 4. The potential dependent activation barriers were also calculated for each electro-oxidation step. As an example, Figure 8 ) and the transition state much closer to the final state, which indicates that this reaction step is more difficult to perform on Pd 2 Ir 2 than on Pd 2 Ir 1 .
The activation energies for each electro-oxidation step and relative energy of each species are used to evaluate the most likely oxidation reaction mechanism. Figure 10 shows the relative energies of all possible borohydride oxidation intermediates on Pd 2 Ir 1 (111) at -0.5 V vs. SHE. In this diagram, each step to the right is a 1 e-oxidation reaction. Steps involving B-H dissociation include the conversion of a hydroxyl species to a water molecule, for example the BH 3 * to BH 2 O * step is, in complete notation:
For reactions including B-OH formation, the complete reaction is, for example:
The most favorable mechanism is highlighted in the diagram with a red straight line. The broken and dotted lines represents the other possible mechanisms calculated with DFT, the most favorable mechanism was determined assuming that the reaction follows the lowest activation were performed to search for paths with lower activation barriers, allowing reaching a final 8e-product. However, the lowest activation energies found are reported herein and suggest that B-OH formation will be challenging under these conditions, on the single crystal surfaces.
There are two possible interpretations of these results:
1) The reactions of intermediate products with hydroxyl ions limit the overall oxidation reaction. The barriers from BOH to further oxidation will limit the overall oxidation rate and are possibly too high for the reaction to go forward, leaving BOH as the final oxidation product. Being a stable species, BOH, might cover the catalyst surface and poison it, reducing the catalyst activity towards the borohydride oxidation. The number of electrons released per BH 4 -converted on pure Pd and pure Ir have been reported to be less than 8, and thus in a Pd-Ir alloy an 8 electron transfer was not expected. The number of electrons released, according to the mechanism of oxidation highlighted in red in Figure 10 on Pd 2 Ir 1 , would be 5 terminating with BOH as the final product.
2) The barriers for B-OH forming reactions from the DFT approach used are generally too high due to the lack of surface species solvation in the surface model. Comparing the two diagrams shown in Figures 10 and 11 , the oxidation kinetics are more favorable on Pd 2 I 2 than on Pd 2 Ir 1 , as the energy barriers for both B-H dissociation and B-OH formation are generally lower. The Pd 2 Ir 2 alloy catalyst is slightly more effective towards the borohydride oxidation reaction. The energy barriers from BOH * to B(OH) 2 * is much lower on Pd 2 Ir 2 than on Pd 2 Ir 1 , which means that at a larger concentration of Ir in the alloy, more complete oxidation may be realized. Other than that, the reaction mechanism on both Pd-Ir surfaces follow the same path, for which molecular structures are summarized in Figure 12 .
Competitive borohydride oxidation versus hydrolysis at the Pd 2 Ir 1 (111) surface
During the borohydride oxidation on Pd-Ir surfaces, hydrogen atoms from the dehydrogenation processes are adsorbed on the electrode surface. Those hydrogen atoms might either combine with another adsorbed hydrogen atom, forming hydrogen gas (reaction 17), or oxidize with a hydroxyl ion to generate water and release one electron (reaction 18).
The free energy of hydrogen oxidation and hydrolysis reactions can be calculated by using equations (19) and (20) , respectively, at 1 atm and 298 K. A borohydride concentration of 0.02 mol dm -3 and 3 mol dm -3 NaOH was considered to calculate the free energy of H * adsorption.
For an accurate consideration of the competition between hydrogen evolution and hydrogen oxidation, the hydrogen coverage should be considered, as it plays an important role in the hydrogen generation rate. The hydrogen coverage is dictated by the amount of surface hydrogen generated by borohydride dehydrogenation and removed from H 2 desorption or H * oxidation.
For a given voltage, higher H * coverage will be generated for low alkaline solutions (low pH) or in solutions at higher temperatures. For a low hydrogen coverage model, one hydrogen atom was optimized on the Pd-Ir surfaces, giving a hydrogen coverage of 1/9 monolayer (ML) atom 
Weaker H binding on the bimetallic surfaces might lead to lower H coverage, and therefore a faster oxidation reaction rate relative to evolution, as the oxidation (rate α ϴ H ) and evolution rates (rate α ϴ H 2 ) directly depend on the hydrogen coverage.
At higher hydrogen coverage, the free energy of evolution and oxidation are expected to become more exergonic, as increasing the number of hydrogen atoms on the surface destabilizes At the pure Pd electrode, the optimized structure had the 9 H atoms in fcc sites. In contrary, on These Ir stripes, which form a regular pattern, might provide a greater stabilization to the H high coverage and the strong H binding could hurt the selectivity of the catalyst towards the oxidation. However, these calculations consider an ideal material configuration consisting of Pd layers followed by Ir layers that are difficult to achieve experimentally.
The results showed more negative and thus more favorable free energies of hydrogen oxidation and hydrogen evolution than those obtained at low hydrogen coverage, as was expected. At high hydrogen coverage on the Pd 2 Ir 1 surface, the free energy of the hydrogen evolution was 
Summary and conclusions
The catalytic activity of the Pd-Ir alloy for the borohydride oxidation and its hydrolysis was experimentally and computationally analyzed. NaOH (black line) and 3 mol dm -3 NaOH (broken line), were used. 
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